Introduction
In this work, we describe microscopic, tubular structures of iron oxides/hydroxides that have been found associated with mineral deposits in terraces of the Rio Tinto. This is the first reported finding of tubular structures at this particular site. Thus, we seek to understand their formation process in order to determine whether, and to what extent, we can use tubular morphologies in field samples as indicators of geochemical conditions or as biosignatures. The tubular structures we have found in our Rio Tinto samples in some ways resemble tubular structures grown in laboratory chemical garden experiments [1] ; therefore, in addition to analysis of field samples, we have conducted laboratory investigations to replicate these structures and have performed a fluid-mechanical scaling analysis to determine whether they could be formed via similar abiotic physiochemical processes (table 1) .
There is currently great interest in searching for signs of past life on Mars. Recent discoveries of clay minerals, sulfates, methane and evidence of past water support the hypothesis that some areas of Mars may have been formerly habitable [2, 3] . Among these, sulfate-rich environments may provide a valuable means for the understanding of ancient aqueous environments capable of driving prebiotic chemical reactions or, even, hosting ancient life [4] [5] [6] [7] . The Rio Tinto in southwest Spain is a natural model for acidic, sulfate-dominated conditions on early Mars, and is a geological, mineralogical and even biological setting on our planet that offers environmental conditions that may be compared with ancient Martian environments [4, [8] [9] [10] . The mineral precipitation system at Rio Tinto is highly complex, including various iron precipitates and sulfate minerals, e.g. iron oxides/oxyhydroxides, hydrated iron sulfates, iron oxyhydroxysulfates, calcium sulfates and other phases according to their respective solubilities [11] [12] [13] [14] .
The Rio Tinto is also rich in redox gradients of iron minerals; understanding the various geochemical gradients in this system and how they are reflected in the mineral precipitates may help us understand how to evaluate habitability of similar environments elsewhere. One interesting aspect of far-from-equilibrium chemical and geochemical systems is that the presence of chemical gradients between fluid flows can lead to patterning or self-organization in abiotic mineral precipitates, whose morphology and/or distribution may reflect past chemical and/or environmental conditions [15] [16] [17] . Well-studied geological examples of self-organized mineral precipitates include the formation of periodic Liesegang banding and self-nucleating concretions, both of which can form precipitates within a porous matrix (such as sandstone). Self-assembling mineral structures can also form in a gradient when fluids directly interface, an example being hydrothermal chimneys, which are a type of chemical garden precipitate that forms at submarine vents on the ocean floor where reducing vent fluid flows into more oxidizing seawater [18] .
Chemical garden structures in laboratory experiments as well as geological settings can form over a wide range of scales, from tens of metres to tens of micrometres, and their morphology reflects compositional and pH gradients between fluids as well as the dynamics of the fluid flow [1] . In a traditional experiment, chemical gardens are grown from different metallic salts immersed in an ionic solution. When the crystal of the salt begins to dissolve, the salt cations and anions from the solution precipitate to form a semipermeable membrane around the seed. Water from the external solution flows in towards the membrane via osmotic pressure, causing membrane rupture and re-precipitation as the internal fluid once again contacts the contrasting external solution. This osmotically driven precipitation process [19, 20] self-assembly. Owing to the contrast between internal and external solutions, these are dynamic far-from-equilibrium systems that maintain steep gradients of concentration, pH and possibly redox state across the walls of the tubular structures. This field has been given the name of chemobrionics [1] . In laboratory tubular chemical garden structures containing mixed valence states of iron, the gradients between interior and exterior of the tube can lead to layers of different compounds within the precipitate as the Fe 2+ /Fe 3+ ratio varies [21] , including layers of metastable Fe 2+/3+ -hydroxide phases ('green rust') which can oxidize to other iron oxides/oxyhydroxides as a function of the Fe 2+ /Fe 3+ and hydroxylation ratios [22] . There have been several studies investigating chemical garden systems containing Fe 2+ /Fe 3+ , forming structures such as iron hydroxide chimneys and membranes [23] or silica-supported magnetite tubes [24] . Here, we compare tubular structures in Rio Tinto field samples to laboratory chemical garden systems containing mixed redox states of iron precipitating with hydroxide, to determine whether the Rio Tinto tubes could have formed via a similar physical mechanism of templating around a fluid jet [25] .
Material and methods (a) Field sampling and analysis
Samples were collected from various points along the route of the Rio Tinto, Huelva, Andalusia, Spain (figure 1a), including old palaeoterraces in the Cerro Colorado area close to Alto de la Mesa (figure 1b), which are around 2 Myr old from the Late Pliocene [8] , and modern terraces at the source of the river (figure 1c). Samples were returned for laboratory analysis. Old and modern facies along the course of the stream were sampled with the aim of comparison. Modern facies were sampled from the current riverbed (terracettes), whereas old facies were sampled 3 km far from the present stream bed, in the Cerro Colorado hill. The presence of tubular structures (when this was visible) was a targeted character for sampling. Iron-rich samples were not specifically searched for.
Micrographs of the field samples were obtained using a PHENOM PRO desktop scanning electron microscope (SEM) and a FEI Quanta 400 Environmental scanning electron microscope (ESEM) at high vacuum and room temperature. Chemical analysis of the solids was performed in the microscope, using energy-dispersive X-ray spectroscopy (EDX) analysis. For micro-Raman analysis, a variable-pressure SEM was used consisting of a SUPRA40VP Zeiss microscope coupled with a Renishaw SCA-Raman spectrometer with a laser of 785 nm wavelength and a laser spot size of 1 µm. The Raman shifts were calibrated, using the 520 cm −1 line of a silicon wafer.
(b) Laboratory experiments
Laboratory experiments were conducted to simulate aspects of the formation of tubular precipitates of iron oxides/hydroxides. We conducted two types of experiments: (i) chemical garden experiments, which were used to form tubes of ferrous/ferric oxyhydroxides; (ii) coprecipitation experiments, which were used to further examine the initial precipitates and oxidation states from iron and hydroxide that may partly compose the chemical garden tubes. (ii) Co-precipitation experiments into their interlayers. Prior to mixing, both solutions were made with dH 2 O that had been bubbled with N 2 for 30 min to expel oxygen from the solution, and, after mixing, the products were kept anaerobic under a headspace of N 2 to prevent additional oxidation of the precipitate. The precipitate was aged for 2 days at room temperature. Then, the aqueous suspension of precipitate was centrifuged, and the supernatant liquid discarded and the remaining slurry was desiccated under vacuum for 30 min to produce a dried sample. The resulting dried samples were analysed with laser Raman spectroscopy. The laser power at the sample surface was kept below 0.3 mW in order to prevent thermally induced oxidation from the laser, although it is also possible that dehydration of the sample altered the oxyhydroxide phases.
Results (a) Field samples
Samples collected in the Cerro Colorado palaeoterraces show some tubular structures observable with the naked eye. Within the tube wall, three layers can be visually distinguished: red (in the internal surface); yellow (concentrated mainly at the external edges of the tubes) and dark metallic colours (close to the yellow areas; figure 2a). All these phases are mainly iron oxides. Observing these samples with scanning electron microscopy, these large holes (0.5-1.0 mm in internal diameter) were found to be covered by tentatively weathered authigenic clay sediments especially in the inner surfaces (figure 2b,c).
In other samples from the old terraces of Cerro Colorado, a network of tubes was observed that had grown with different orientations (figure 3a). These tubes are narrower than the ones described above; most have similar external diameters of approximately 150-250 µm. They are very straight with highly corrugated external surfaces and smooth internal surfaces; the tubes have thick walls, and the inner diameter of the tubes ranges from 20 to 50 µm (figure 3b-d). In the internal surfaces of the tubes in figure 3, small nodules (approx. 2 × 2 µm) were observed (figure 4). These nodules were seen only on the smooth internal surfaces of the tubes, not on the exterior surfaces. EDX analysis showed that the tubes are formed mainly of Fe and O, suggesting iron oxides. Several oxidation zones can be distinguished (figure 5): a more oxidized external layer (S1) formed by concentric layers of iron oxides with a roughly equal ratio of iron to oxygen (Fe/O = 1 : 1), and a less oxidized internal zone (S2) with a heterogeneous texture formed by iron oxides with much higher ratio of iron to oxygen (Fe/O = 2 : 1). EDX of the micronodules on the interior tube walls indicates that they consist of iron oxides with a Fe/O ratio similar to the external walls (approximate ratio Fe/O = 0.8 : 1). Some dark particles of quartz (Qtz) are also found around these iron oxide zones as well as outside the tubes (figure 5a). This is consistent with the previously reported mineralogy of these Rio Tinto palaeoterraces, which reported goethite, hematite and quartz [8, 11] .
We performed laser Raman spectroscopy as a complementary technique to confirm the SEM and EDX analyses. Raman analyses of iron oxides and oxyhydroxides typically demand high laser power for the excitation of the spectra because these materials are poor light scatterers. However, previous works have reported rapid laser-induced degradation and phase transitions in oxides [26, 27] . Through independent experiments, we verified that none of our materials degraded or transformed owing to laser effects at 10 mW. We used this value throughout our analyses of natural and synthetic samples.
Raman spectra were collected directly on the particles of raw samples without any sample treatment. We analysed three to four sites of the external zone and two sites in the internal zone, one in an area with a high density of micronodules and one in an area with a lower density of micronodules. The Raman spectrum of the external surface of the tubes showed bands at 552, 390 (the most intense), 300, 247 and 207 cm −1 that correspond to the mineral goethite (FeOOH) [26] . The sites of tubes which had a high concentration of small micronodules deposited on the internal surfaces were found to be mainly hematite [26] with bands at 1315 (weak, broad), 610, 491, 410, 294 and 225 cm −1 , and a background of goethite detected by the bands at 554 and 390 (intense, shoulder) cm −1 ( figure 6 ). In the internal zone with a lower density of micronodules, we found a mixture of both goethite and hematite. No peaks were observed at 3000, 1800-1200 and 1100-1000 cm −1 zones where organic matter would be expected to give a signal; however, it has been shown that a band(s) in the 1300-1350 cm −1 range (which we attribute to hematite) can also result from organic matter (carbon) being burnt during Raman analysis [28] . Thus, our Raman data cannot definitively determine whether organic matter is present in these samples.
We also found microtubes in samples taken from the more recent terraces at the source of the river. The texture of the tube surfaces is different from the Cerro Colorado samples. The internal tube surfaces are smooth, whereas the external surfaces are corrugated with a texture typical of fresh weathering effects [29] (figure 7). In some samples, calcium sulfate crystals were also detected ( figure 7) , and, in the presence of these sulfate minerals, the tubes observed were narrow (diameter < 2 µm) and had thick walls ( figure 7b,c) . The chemistry of these tubes indicated by EDX was mainly Fe-oxides with minor amounts of Fe-sulfate, consistent with previous works reporting the presence of jarosite in these young sediments [8, 11] . In these samples, we also observed some Pinnularia diatoms, a genus commonly reported from highly acidic conditions (figure 7d) [30] . In chemical garden experiments where Fe(II) or Fe(III) salts were introduced into solutions of sodium hydroxide or sodium silicate, tubular structures formed that in some ways resemble the structures observed in our samples from Rio Tinto. In experiments using ferrous salts (sulfate or chloride), the tubes grown in 24 h were approximately 5-15 mm tall and several millimetres in diameter, exhibiting colour changes over time as the oxidation state of the ironcontaining precipitate membrane changed ( figure 8) . In all cases, tube structures formed, though the morphology, height and number of individual structures varied between experiments. In experiments using ferric salts submerged in sodium silicate solution, microtubes were observed instead (ranging from approx. 10 to 100 µm in diameter; figure 9 ). In some cases, the microtubes appeared in approximately 1 mm bundles of many smaller tubes (figure 9a). In experiments using ferric salts in sodium hydroxide solutions, no tubes were observed and instead the precipitates appeared amorphous ( figure 10 ). Both the millimetre-scale tubes (figure 8) and the microtubes (figure 9) generated in chemical garden experiments exhibited morphological gradients across the tube walls, as is typical of many chemical garden systems [ A similar effect was observed in the walls of Fe(II)-hydroxide tubes ( figure 11 ). The chemical garden wall was thick and layered, and it was not possible to determine in ESEM images whether the crystals were present on the exterior or interior of the tube. However, in similar experiments where FeCl 2 ·4H 2 O crystals were introduced into a tube containing sodium silicate [31] , the inner, more iron-rich surfaces of chemical garden tubes exhibited crystal growth, whereas the outer, more hydroxide-rich surfaces were smoother.
(
ii) Co-precipitation experiments
The precipitate initially formed by precipitation of the Fe 2+ /Fe 3+ solution with the solution containing sodium hydroxide and sodium sulfate appeared green in colour owing to partially oxidized iron. The wet sample obtained after centrifuging, if left exposed to air, began to visibly oxidize and turned orange on exposed surfaces in minutes. If immediately dehydrated after centrifuging, then the wet sample yielded a dried green sample (figure 12b), which could be analysed with time-series Raman spectroscopy. As discussed previously, using low laser power prevented thermally induced oxidation, but, because the sample is metastable and was exposed to air, oxidation was clearly observed in the Raman spectra after approximately 1 h. Figure 12 shows a spectral timeseries of 25 Raman spectra of the desiccated iron oxyhydroxide sample recorded at 2 min intervals. The spectra are normalized to the intensity of the 995 cm (c) The fluid mechanics of tubule formation on the river bed
We envisage that water from depth carrying dissolved minerals percolates upward through the porous sediment, discharging into the river water above. During its travel, precipitation reactions may occur in some areas, so that some paths of this mineral-rich water become relatively depleted in dissolved ions and, thus, locally less dense than the surroundings and the river water. As this stream of less dense (but still mineral-rich) water is ejected into the river, it breaks up into a number of smaller streams. The density difference and injection process leads to a RayleighTaylor-type instability [35] , in which the injected fluid breaks up into a number of fingers that may This advective flow is likely to be rapid enough that diffusion of the chemicals is not significant during finger formation [36] [37] [38] [39] . We therefore expect the diameter of the fluid fingers d to depend on the densities and viscosities of the injected and resident river fluids, as well as on the velocity of injection v. Simple scaling suggests
where a is a constant, µ is the viscosity of fluids, ρ is the density difference between the two fluids and ρ is the density of the injected fluid. Experiments on buoyant fingering confirm this relationship and show that a = 0.325 [40, 41] when the viscosities of the two fluids are similar to that of water. The diameter of the incipient tubules is likely to be this finger diameter. With time, diffusion of chemicals in the radial direction supports precipitation, increasing the tubule wall thickness [42] . If tubules grow to have an approximate length L, then the pressure needed to move the fluid through the tubule with diameter d is of order of ρ = 32 µvL/d 2 . Figure 13 shows how the tube diameter and required pressure of injection vary with the injection velocity for L = 0.01 m and ρ/ρ in the range 0.01-1. We see that an injection velocity in the range 1 × 10 −5 to 3 × 10 −2 m s −1 allows tubules with diameters from the order of 20 µm to 1 mm to form; an injection pressure in the range 10 4 -10 3 N m −2 would be sufficient. These values span the range observed experimentally and support this mechanism as plausible. Indeed, the much higher pressure required to form the smaller diameter tubules may well be responsible for the seemingly random nature of the orientations seen in figure 3a, as the fluid jets through paths of least resistance in the sediment near the bed of the river.
Discussion
We observed similar morphologies between some of the natural iron oxide tubes found at the Rio Tinto and the tubes grown from iron-containing chemical gardens in the laboratory. In our experiments, we formed tubes ranging from millimetre-to micrometre-diameter depending on the reactant systems employed. The laboratory tubes exhibited compositional and morphological gradients from interior to exterior, as do the field samples. The microtubes synthetized in the laboratory in iron-silicate chemical garden systems show similar structures to those observed in our samples from Cerro Colorado (figure 9), including the presence of closed nanotubes (figure 9d,e). We also observed morphologies in the field samples that may represent the initial localized stages of tube formation; these were seen in both the older Cerro Colorado samples and the samples from new terraces. Similar structures to this have been observed in laboratorygrown chemical gardens [43] perhaps indicating physical similarity in their process of formation ( figure 14) .
The compositional gradients within the Cerro Colorado tubes represent the chemical disequilibrium between the interior and the exterior of the tube. Although the tubes are largely composed of iron oxides, the precipitate is more oxygen-rich (lower Fe/O ratio) on the exterior wall than on the interior. Redox layering of iron minerals has also been observed in corrosion systems or laboratory tube growth where precipitation of iron occurs within an oxidation/pH gradient. A similar effect may be present in our Fe-hydroxide chemical garden experiments, in which tubes were formed at a contrasting chemical interface between the exterior solution (hydroxide or silicate) and the interior solution produced by dissolution of the iron salt. The solution produced by dissolution of the Fe-salt crystal is typically very low pH (approx. 2), and the pH of the interior solution should gradually increase as soluble Fe is depleted by precipitation. Meanwhile, the exterior solution (of silicate or hydroxide) is quite alkaline (pH ∼ 13), and this applies extremely steep gradients of pH and hydroxylation across the wall of the forming tube. The external solutions in our chemical garden experiments were not rigorously kept anoxic; so, as time passed, the outer surface of the iron oxyhydroxide/oxide chemical garden tubes became more oxidized. A similar effect has been seen in previous work where iron oxyhydroxide/oxide chemical garden tubes were produced on a bubbling template [21] , producing successive layers of (from interior/reduced to exterior/oxidized): green rust (iron oxyhydroxide), magnetite and lepidocrocrite. This also bears some similarities to the corrosion of steel in seawater, where layering of iron minerals has been observed from mixed Fe(II,III)-hydroxides to Fe(III)-hydroxides to magnetite [44, 45] . The inner surfaces of our chemical garden tubes in Fe(II) systems contain platy crystal clusters resembling Fe-oxyhydroxides, and, as oxidation of the outer surface proceeds, any metastable iron minerals in the interior layer would also likely eventually oxidize. Depending on the oxidation gradient between the two solutions, this could occur rapidly, as seen in our co-precipitation experiments where the Fe(II,III)-hydroxide/hydroxysulfate oxidized notably in approximately 1 h. Our Rio Tinto modern terrace samples also contain calcium sulfate precipitates, which is expected, because the area is rich in sulfate. We speculate that perhaps some of the first precipitates in these iron-rich tubular structures could have included Fe(II,III)-hydroxides or 'green rusts', with the positive charge in the layers being balanced by anions intercalated in the interlayers. Depending on the chemistry, the deposition of sulfate as well as chloride green rust and/or ferric/ferrous hydroxide and iron hydroxysulfates could occur. As some of these compounds are metastable, they would eventually convert into a suite of more stable iron oxides/hydroxides such as goethite or lepidocrocite. The extent to which biology influenced the formation of tubular structures in our samples remains unknown, because we were unable to conclusively detect organics in the Cerro Colorado samples. However, even if the tube precipitation was a purely chemical process, the iron and sulfur cycles of the surrounding Rio Tinto environment were/are heavily influenced by biological redox reactions [10] , so it is possible that the formation of tubules in the samples we describe above could be biomediated (and we acknowledge the possibility that the micronodules on the tube interior (figure 4) could have been formed by microbes).
Our laboratory experiments show that abiotically formed self-assembling tubes of iron oxyhydroxides/oxides can form in pH gradients and that they exhibit complex structures at the macro and microscale. The tubes in our chemical garden experiments eventually underwent complete oxidation, as did the iron oxyhydroxide sample formed in our co-precipitation experiment. However, the morphology of our laboratory-formed tubes remains as a signature of their far-from-equilibrium formation conditions. It is also likely that trace environmental components could affect the oxidation of iron(II,III)-hydroxide/oxide tubes, because the initial precipitates are metastable: for example, small concentrations of phosphate are capable of stabilizing certain green rusts against conversion to magnetite [46] . When tubes formed by selfassembly are found in a field sample, the tube diameter might also be able to provide information about the geological environment in which the tubes formed, including the initial reactants. Depending on the system, it might be possible to also derive factors such as the density difference between the injecting fluid and the reservoir, and/or the velocity of injection; though the tube There are potentially two types of tubes in these chemical environments: those that form in a liquid, like laboratory chemical gardens and those that form in a porous medium of sediment of some kind. Tubes formed in sediment or a porous medium might still be lined by precipitated material, but would initially be formed as fluid flow washed part of the porous medium away leaving a tubular structure through which fluid flows. The orientation of the fluid inflow relative to the tubes that form in this study is not known; it might be the case there is a porous medium saturated with mineral-laden water that brings fluid up to form these tubules, or perhaps a network of tubes that feed in to one another. In this case, we know that the groundwater involved in flow processes is carrying large quantities of minerals, so is more likely causing precipitation than dissolution. To distinguish dissolution and precipitation processes, one may look at the tube wall composition compared with the overall composition of the rock. We cannot tell the difference between some of the larger tubes in the ancient samples being precipitates versus vugs (features produced by dissolution), but the microscale tubes in the modern samples resemble our laboratory-formed tubular precipitates. It is possible that tubes may also exist at the microscale in the ancient samples, along with other biorelated morphologies. Future laboratory work in relevant chemical systems could help shed light on this.
Although it is notoriously difficult to try to use the morphology of inorganic mineral precipitates as definitive biosignatures, the formation of self-assembling structures such as these tubes (or other self-organizing reaction-precipitation systems) may still be able to serve as indicators of the environment in which they formed, and thus provide information about past habitability. For example, it is possible that pH conditions, presence of trace compounds, degree of redox disequilibrium across the precipitate, and salinity and density of the injecting and reservoir fluids, all could have a quantifiable effect on the resulting precipitation structure. Morphology of self-assembling tubular precipitates might be preserved, even if the chemical composition, mineralogy and/or oxidation state of the precipitate itself were later altered. Further laboratory experiments of self-organized and tubular precipitates in ferrous/ferric iron hydroxide systems, and investigating the effects of various environmental/experimental/biological factors, will be useful to correctly interpret similar samples from geological sites.
Conclusions
Iron oxide tubular structures were observed in both modern and ancient terraces of the Rio Tinto. These structures exhibited a compositional gradient across the tube wall, as occurs in general for chemical garden structures. We can produce tubes in the laboratory under relevant conditions (low-pH iron solution interfacing with more oxidizing/alkaline solution) and these laboratory-grown precipitates show similarities to the tubes observed in Rio Tinto samples. One can obtain self-assembling structures in a variety of Fe-hydroxide/oxide systems that exhibit complex morphology and structure. On the bases of morphology, and also of composition and reproducibility, together with the fluid-mechanical analysis, we thus put forward the hypothesis that some of the tubular structures found at the Rio Tinto could have been produced by an analogous chemical garden type process of self-assembly via templated precipitation around a fluid jet. Whether-or to what extent-the formation of tubes was affected by biological processes is unknown, but in purely abiotic laboratory, systems analogous structures were produced. These results help to establish how self-organizing mineral precipitates in iron oxide/hydroxide systems could be studied to serve as indicators of palaeoenvironments, but also serve as a warning to researchers looking for biosignatures, that tubular morphologies as well as many self-assembling precipitation patterns can be formed by physico-chemical processes alone.
If tubular structures such as these could form via the self-assembly process of templating around a fluid jet, then the tube diameter as well as its composition could provide information about its formation conditions. The main factors that would control the incipient tube diameter in this case would be fluid viscosity, densities and velocity of injection; this initial tube diameter will subsequently evolve owing to continuous diffusion and precipitation of reactants. Injection velocity could be controlled by various factors including porosity/permeability of the matrix, and ambient chemical/temperature conditions that change the dissolved ion content and thus viscosity and/or buoyancy of the fluid. The density difference also could reflect a difference in salinity between the reservoir and the injected fluid; a factor particularly relevant for presentday Mars, where it has been proposed that perchlorate-rich brines could form in certain locations [47] [48] [49] . Our laboratory experiments that formed chemical gardens of Fe(II-III)-hydroxide contain ingredients that would have been present on Mars, e.g. in ancient waters at Meridiani Planum [50] . It is also worth considering how the presence of other components (e.g. perchlorates and chlorates) in Martian brines might affect the iron minerals formed at a fluid interface in a redox gradient; possibly leading to a different series of oxidation products and/or timescales of oxidation than we see in our experiments. Further experiments will be conducted to test the effects of perchlorates on these iron oxyhydroxide precipitation systems.
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